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Light plays a profound role in plant development, yet
how photoreceptor excitation directs phenotypic
plasticity remains elusive. One of the earliest effects
of light is the regulated translocation of the red/
far-red photoreceptors, phytochromes, from the
cytoplasm to subnuclear foci called phytochrome
nuclear bodies. The function of these nuclear bodies
is unknown. We report the identification of hemera,
a seedling lethal mutant of Arabidopsis with altered
phytochrome nuclear body patterns. hemera mu-
tants are impaired in all phytochrome responses
examined, including proteolysis of phytochrome A
and phytochrome-interacting transcription factors.
HEMERA was identified previously as pTAC12,
a component of a plastid complex associated with
transcription. Here, we show that HEMERA has
a function in the nucleus, where it acts specifically
in phytochrome signaling, is predicted to be structur-
ally similar to the multiubiquitin-binding protein,
RAD23, and can partially rescue yeast rad23mutants.
Together, these results implicate phytochrome
nuclear bodies as sites of proteolysis.
INTRODUCTION
Plant development, physiology, and growth are impacted by
environmental light cues. Light affects every major develop-
mental transition of plants, from germination through flowering,
and plays a particularly profound role during dicotyledonous
seedling establishment. Upon germination, seedlings that do
not perceive light undergo a mode of development that empha-
sizes stem elongation at the expense of leaf development,
allowing the seedling to emerge from the soil and to transition
from growth on seed reserves to photoautotrophic growth. In
contrast, leaf development is initiated and the rate of hypocotyl
elongation slows when a plant sees light after emerging from
the ground and assumes a body plan that is suited for a photo-
synthetic lifestyle. Underlying the development of leaves are
dramatic changes in gene expression and in plastid function.1230 Cell 141, 1230–1240, June 25, 2010 ª2010 Elsevier Inc.The diverse responses that plants have to light, known collec-
tively as photomorphogenesis, require sophisticated sensing of
light’s intensity, direction, duration, and wavelength. The action
spectra of light responses provided assays to identify multiple
photoreceptors absorbing in the red (R)/far-red (FR), blue/near-
ultraviolet, and ultraviolet spectral ranges. Among these, the
red/far-red-absorbing photoreceptors, called phytochromes
(PHYs), are the best characterized (Chen et al., 2004). PHYs
have two long-lived spectral forms: a R light-absorbing inactive
form (Pr) and a near FR light-absorbing active form (Pfr). Of the
five phytochromes in Arabidopsis, PHYA and PHYB are the
most prominent. PHYA is photolabile and plays a major role
immediately after seedling emergence, followed by a dominant
role of PHYB later in development.
During the dark-to-light transition, up to one-third ofArabidop-
sis genes are differentially regulated (Ma et al., 2001). A central
mechanism by which PHYs rapidly regulate gene expression is
to control the abundance of key light-signaling components,
including a number of transcription factors. Photomorphogen-
esis requires the removal of negative regulators, in particular
a number of PHY-interacting bHLH transcription factors called
PIFs or PILs (PIF3-like), which are stable in the dark and are
turned over within 30 min of exposure to light (Al-Sady et al.,
2006; Lorrain et al., 2008; Shen et al., 2008). Most of the PIFs/
PILs interact directly with the photo-activated Pfr form of PHY
and act as negative regulators for various light-regulated
responses, such as hypocotyl growth inhibition, seed germina-
tion, and chlorophyll accumulation (Leivar et al., 2008b). The
degradation of PIFs requires a direct interaction with the Pfr
form of PHY, followed by phosphorylation, which likely marks
the PIFs for turnover (Al-Sady et al., 2006; Lorrain et al., 2008;
Shen et al., 2008); however, proteins required for PIF degrada-
tion remain unknown. PHYA also accumulates in the dark and
is rapidly degraded in the light, which is thought to be a desensi-
tization mechanism (Seo et al., 2004). PHYA degradation is
delayed, but not blocked, in cop1 mutants, suggesting that
both COP1-dependent and -independent PHYA degradation
pathways exist (Seo et al., 2004).
Light-regulated gene expression changes require PHY to be
converted to its active Pfr form, which results in its translocation
from the cytoplasm to the nucleus (Fankhauser and Chen, 2008).
Upon import to the nucleus, both PHYA and PHYB become
associated with nuclear foci (herein called nuclear bodies
Figure 1. Isolation and Map-Based Cloning of hmr
(A) Confocal images showing subnuclear localization of
PHYB::GFP in epidermal cells at the top of the hypocotyl of
PBG and hmr-1 under 8 mmol m2 s1 R light. PHYB::GFP
was localized to large NBs with an average diameter of
1.6 mm in PBG, whereas PHYB::GFP NBs in hmr-1 were
smaller, with an average diameter of 0.4 mm. In a small fraction
of hmr-1 hypocotyl cells, PHYB::GFP was evenly dispersed in
the nucleoplasm.
(B) Protein levels of PHYB::GFP remained the same in PBG
and hmr-1 seedlings. Total protein extracts from 4-day-old R
light-grown hmr-1 and PBG seedlings were resolved by
SDS-PAGE. Protein levels of PHYB::GFP were detected by
western blot with anti-GFP antibodies. Actin was used as
a loading control.
(C) Images of 4-day-old PBG and hmr-1 seedlings grown
under 8 mmol m2 s1 R light. The hmr-1 mutant was taller
than PBG.
(D) Map-based cloning of hmr. The hmr-1 mutation was map-
ped to chromosome 2 on BAC T31E10 between markers
MC671672 and MC549550 based on an F2 mapping popula-
tion of 1960 plants generated by crossing hmr-1 (Ler) and
Col-0. The interval contains five predicted genes illustrated as
arrows. The bold arrow represents theHMR gene, At2g34640.
(E) Schematic illustration of the exon-intron structure of HMR
with the shaded boxes representing exons. The mutations in
hmr-1 and hmr-2 are indicated by red arrows.
See also Figure S1.[NBs]), and these NBs vary in size and number depending on the
fluence rate of light, developmental stage, and phase of the
diurnal cycle (Chen et al., 2003; Kircher et al., 2002; Yamaguchi
et al., 1999). Functional PHY appears to be required for its asso-
ciation with NBs, as point mutations in PHYB and PHYA affect
their signaling functions, as well as their association with nuclear
bodies, but do not affect nuclear import (Chen et al., 2003, 2005;
Kircher et al., 2002). Because both PHYA and PIF3 are localized
to PHY NBs before their degradation, it has been proposed that
PHY NBs are sites for protein degradation (Al-Sady et al., 2006;
Bauer et al., 2004; Seo et al., 2004). However, direct evidence
supporting this hypothesis has been lacking. Thus, the precise
function of PHY NBs in light signaling is still unknown.
Here, we used a confocal microscopy-based screen to iden-
tify a gene, HEMERA (HMR), required for the localization of
PHYB::GFP to large NBs in high fluence rate R light. hmrmutants
appear to define a unique class of Arabidopsis light-signaling
mutants that are albino, are tall under continuous R and FR light,
and die as seedlings. hmr seedlings are defective in all PHY
responses examined, including high, low, and very low light flu-
ence response modes, indicating a role for HMR in both PHYA
and PHYB signaling. hmr mutants are blocked in chloroplast
development in response to light. Genetic analyses of hmr
mutants demonstrate that HMR acts specifically between PHYCell 141,and a downstream master repressor DET1. More-
over, PHYA, PIF1, and PIF3 are not degraded in
hmr in the light, and HMR is structurally similar to
RAD23. Expression of HMR partially rescues the
yeast rad23D mutants, supporting a biochemical
role for HMR and PHY NBs in light-mediated prote-olysis. Surprisingly, HMR localizes to both the nucleus and chlo-
roplasts, and localization to both compartments appears to be
required for HMR function. We propose that the dual localization
of HMR is responsible for the rapid adaptation of seedlings to
light during emergence from soil, a crucial time when the expres-
sion of thousands of nuclear light-regulated genesmust be coor-
dinated with chloroplast gene expression and development.
RESULTS
Identification of hemera with a PHYB::GFP
Mislocalization Screen
To identify factors required for PHYB NB localization, we took
advantage of a transgenic Arabidopsis line, called PBG (PHYB::
GFP), which expresses constitutively a PHYB::GFP fusion protein
in a phyB null background (Yamaguchi et al., 1999). PBG seeds
were mutagenized with ENU (N-ethyl-N-nitrosourea) and planted.
Seeds from each M1 plant were collected individually. M2 seed-
lingsweregrownunder8mmolm2s1ofR light for4days. In these
conditions, PHYB::GFP is localized exclusively to large NBs with
a diameter of 1–2 mm (Figure 1A). Thirty M2 seedlings from each
M1 plant were examined for PHYB::GFP localization pattern by
confocalmicroscopy.PutativemutantswithabnormalPHYB::GFP
NB localization patterns were kept for further analyses.1230–1240, June 25, 2010 ª2010 Elsevier Inc. 1231
Figure 2. hmr Mutants Are Defective in
Multiple PHYB- and PHYA-Mediated
Responses
(A) Imagesof4-day-oldCol-0,phyB-9,hmr-2, PBG,
and hmr-1 seedlings grown in 8 mmol m2 s1 R
light.
(B) Fluence response curves for Rc. Relative
hypocotyl length of 4-day-old grown Col-0 (black
diamond), phyB-9 (black filled triangle), hmr-2
(black filled circle), PBG (grey filled square),
hmr-1 (grey filled circle), and phyB-5 (grey filled
triangle) seedlings under different fluence of Rc
and dark conditions.
(C) EOD-FR responses of Col-0, hmr-2, phyB-9,
PBG, and hmr-1. Filled columns represent hypo-
cotyl lengths of 4-day-old seedlings under 8 hr
day/16 hr night; open columns represent hypo-
cotyl lengths of 4-day-old seedlings under the
same short day conditions with an additional 15
min FR treatment at the end of the day. Red
columns represent the percentage of increase in
hypocotyl length of the treated seedlings
compared to untreated seedlings.
(D) Cotyledon opening responses for VLFR
measurement. Cotyledon images of Col-0, phyA-
211, hmr-2, PBG, and hmr-1 seedlings grown
under hourly 3 min 1 mmol m2 s1 FR pulse for
4 days.
(E) Images of 4-day-old Col-0, phyA-211, hmr-2,
PBG, and hmr-1 seedlings grown in 1 mmol m2
s1 FR light for 4 days.
(F) Fluence response curves for FRc. Relative
hypocotyl length of 4-day-old Col-0 (black dia-
mond), phyA-211 (black filled square), hmr-2
(asterisk), PBG (black filled triangle), and hmr-1
(cross) seedlings grown under different fluence
of FRc and dark conditions.
Error bars represent standard error.After screening of 24,000 M2 lines, one mutant was isolated
and named hemera-1 (hmr-1; Hemera is the goddess of day in
Greek mythology). Mutant hmr seedlings contain either no or
smaller PHYB::GFP NBs in epidermal cells along the top of the
hypocotyl (Figure 1A). The PHYB::GFP protein level in hmr-1
was the same as that in PBG (Figure 1B), suggesting that the
hmr-1 mutation affected the localization of PHYB::GFP, but not
its stability.
hmr-1 seedlings were defective in multiple PHY-mediated
responses and had a unique phenotype. Under high irradiance
of R light, hmr-1 seedlings had long hypocotyls, had a striking
albino phenotype, and died as seedlings (Figure 1C). Dark-grown
hmr-1 seedlings were indistinguishable from PBG or wild-type
seedlings. Backcrossing of hmr-1 to PBG demonstrated that
hmr-1 is a recessivemutation. hmrwasmapped to a 25 kb region
between themarkersMC671672andMC549550onBACT31E10
on chromosome2 (Figure 1D). Sequencing of the five genes in the
interval revealed a single G to A nucleotide change in the second
exon of the gene At2g34640, resulting in a premature stop in
codon 9 (Figure 1E). A 7 kb HMR genomic DNA was able to
complement hmr-1 (Figure S1A available online), which con-
firmed that At2g34640 defines the HMR gene. A second hmr
allele, hmr-2 (Salk_025099), was identified from the Salk T-DNA1232 Cell 141, 1230–1240, June 25, 2010 ª2010 Elsevier Inc.insertion mutant collection (Alonso et al., 2003). hmr-2 carries
a T-DNA inserted in the last intron behind nucleotide 14589253
on chromosome 2 (Figure 1E). Additional characterization of the
HMR gene and protein is described below.
The hmr Mutant Is Impaired in Both PHYB- and PHYA-
MediatedResponses andMultiple PHYResponseModes
PHY responses are categorized into four modes of action on
the basis of the fluence of light, including PHYB-mediated
HIR-R (high irradiance response in R light) and LFR (low
fluence response), and PHYA-mediated VLFR (very low fluence
response) and HIR-FR (high irradiance response in FR light)
(Chen et al., 2004). We examined all four response-modes in
hmr-1 (in the PBG background) and hmr-2 (in the wild-type
Col-0 background). Both alleles are likely to be null alleles, based
on western blots with an anti-HMR antibody (Figure S1B).
The PHYB HIR-R was examined in hmr seedlings by mea-
surement of hypocotyl lengths of 4-day-old seedlings grown
under continuous R light (Rc). Both hmr-1 and hmr-2 seedlings
had intermediate hypocotyl lengths compared with either their
parental genotypes or phyB mutants under a range of R light
intensities (Figures 2A and 2B), indicating that HMR is required
for PHYB-mediated HIR-R. In addition, both hmr-1 and hmr-2
Figure 3. HMR Acts Specifically in Phyto-
chrome Signaling Pathways between PHY
and DET1
(A) Images of 4-day-old Col-0, hmr-2, phyB-9,
hmr-2/phyB-9 double-mutant seedlings grown
under 8 mmol m2 s1 R light.
(B) Hypocotyl length measurements of seedlings
in (A).
(C) Images of 4-day-old Col-0, hmr-2, phyA-211,
hmr-2/phyA-211 double-mutant seedlings grown
under 3.6 mmol m2 s1 FR light.
(D) Quantitative hypocotyl length measurements
of seedlings in (C).
(E) Images of 4-day-old dark-grown PHYBYH,
hmr-1/PHYBYH, and Ler seedlings.
(F) Hypocotyl measurements of 4-day-old dark-
grown PHYBYH, hmr-1/PHYBYH, and Ler seed-
lings.
(G) Confocal images of PHYBYH subnuclear local-
ization patterns in 4-day-old dark-grown PHYBYH
and hmr-1/PHYBYH seedlings. DIC and merge
images show the location of the nucleus. NB,
nuclear body; P, plastid; N, nucleus.
(H) Images of 4-day-old det1-1 and hmr-1/det1-1
seedlings grown in the dark.
Error bars represent standard error. See also
Figure S2.alleles were albino in Rc, suggesting HMR is required for the R-
induced chloroplast biogenesis.
To assess the PHYB-mediated LFR in hmr mutants, we
measured the length of hypocotyls after an end-of-day FR
(EOD-FR) treatment (Elich and Chory, 1997). As shown in
Figure 2C, both Col-0 and PBG seedlings had a dramatic hypo-
cotyl elongation response after an EOD-FR treatment. This
response was more pronounced in the PBG background,
perhaps as a result of the overexpression of PHYB::GFP. In
contrast, phyB-9 seedlings had no response, while both hmr-1
and hmr-2 had dramatically reduced responses to EOD-FR treat-
ment (Figure 2C), suggesting that HMR is required for the LFR.
Next, we asked whether PHYA-mediated VLFR and HIR-FR
were affected in hmr-1 and hmr-2mutants. For VLFR, we exam-
ined the cotyledon-opening response under very low fluence of
FR light. Both hmr-1 and hmr-2 were lacking this response,
having closed cotyledons and mimicking a phyA null allele,
phyA-211 (Figure 2D). HIR-FR was examined by measurement
of the hypocotyls of 4-day-old seedlings grown under contin-
uous FR light (FRc). Figures 2E and 2F show that both hmr-1
and hmr-2 had intermediate hypocotyl lengths between their
parental genotypes and phyA-211. Taken together, these results
demonstrate that HMR is required for both PHYB- and PHYA-
mediated response modes.Cell 141, 1230–124HMR Activity Is Required
Downstreamof PHYs andUpstream
of the Global Negative Regulator,
DET1
Although defective in both R and FR
responses, both hmr-1 and hmr-2 had
a normal hypocotyl response under bluelight (Figure S2A). This suggests that HMR is involved specifically
in PHY-mediated hypocotyl inhibition in R and FR but is not
required for crytochrome- and PHYA-mediated hypocotyl
responses in blue light. Surprisingly, both hmr-1 and hmr-2
alleles also had a normal hypocotyl response to white light
(Figures S2B and S2C). This distinguishes hmr from phyB and
chromophore-deficient mutants, such as hy1 and hy2, because
phyB, hy1, and hy2 have elongated hypocotyls in R, FR, and
white light conditions (Parks and Quail, 1991).
To further demonstrate that HMR plays a specific role in PHY
signaling, we performed double-mutant analyses between
hmr-2 and phyA-211 or phyB-9 mutants. Whereas hmr-2 was
taller than Col-0 in R light, a hmr-2/phyB-9 double mutant was
not taller than phyB-9 (Figures 3A and 3B). Likewise, a hmr-2/
phyA-211 double mutant was not taller than phyA-211 in FR light
(Figures 3C and 3D). These results suggest that the hypocotyl
phenotype of hmr-2 is PHY dependent. We also generated a
double mutant between hmr-1 and a constitutively active
PHYB allele, PHYBYH. Dark-grown PHYBYH seedlings are de-
etiolated with PHYBYH proteins constitutively localizing to large
NBs (Su and Lagarias, 2007). As shown in Figures 3E and 3F,
hmr-1 was able to suppress both the cotyledon opening and
hypocotyl inhibition phenotypes of PHYBYH in the dark. More
interestingly, PHYBYH failed to localize to large NBs; instead, it0, June 25, 2010 ª2010 Elsevier Inc. 1233
Figure 4. Spatial and Temporal Expression of HMR RNA and Protein
(A) Predicted domain structure of HMR, including a glutamate (GLU)-rich region, two bipartite nuclear localization signals (NLSa and NLSb), and a PEST domain.
(B) Steady-state HMR mRNA levels in 3-day-old Col-0 seedlings grown under D, R, FR, B, and WL measured by qRT-PCR. Error bars represent the standard
deviation.
(C–E) GUS staining of 2-day- or 4-day-old transgenic lines carrying the HMRp::GUS construct. The seedlings were grown in the dark (B), red light (C), or far-red
light (D).
(F) Western blot with anti-HMR antibodies showing HMR proteins in 3-day-old seedlings grown under D, R, FR, B, and WL. Levels of RPN6 were used as loading
controls.localized to many small NBs in hmr-1/PHYBYH double mutants
(Figure 3G). The PHYBYH localization pattern resembles that
of PHYB::GFP in hmr-1 in the light. These results demonstrate
that HMR is a downstream component for PHY signaling. In
addition, because PHYBYH could still be observed on the basis
of the fluorescence of its chromophore in hmr-1 (Figure 3G), it
suggests that neither PHY chromophore biosynthesis nor its
incorporation to PHY is blocked in hmr-1 mutants.
Previous studies have established a genetic pathway for PHY
signaling (Ang and Deng, 1994; Chory, 1993). Downstream of
both PHYs and cryptochromes, there are a group of genes
referred to as global repressors of photomorphogenesis,
including DET1, COP1, and proteins in the COP9 signalosome
(Chen et al., 2006). To pinpoint where HMR acts in this genetic
pathway, we crossed hmr-1 with det1-1. Dark-grown det1-1
seedlings, similar to PHYBYH, show characteristics of wild-
type seedlings in the light, such as short hypocotyls and opened
cotyledons. However, hmr-1 failed to suppress the photomor-
phogenetic phenotypes of det1-1 in the dark (Figure 3H),
suggesting that HMR acts genetically between PHY and DET1.
Interestingly, det1-1 cannot suppress the albino phenotype of
hmr-1, as the double mutant was still albino in the light, suggest-
ing that chloroplast defects in hmr are not entirely dependent
on DET1.1234 Cell 141, 1230–1240, June 25, 2010 ª2010 Elsevier Inc.HEMERA Gene and Protein
HMR encodes a predicted 527 amino acid protein and is
a single-copy gene in Arabidopsis. A PSI-BLAST failed to reveal
any significant similarity between HMR and known protein
classes. Using a pattern and profile search software InterPro
Scan (http://www.ebi.ac.uk/Tools/InterProScan/), a few putative
domains were identified in HMR, including a glutamate-rich
region, two bipartite nuclear localization signals (NLSs), and
a PEST domain, which is a signature for short-lived proteins
(Rogers et al., 1986) (Figure 4A). HMR orthologs can be found
in all plant genomes sequenced. Protein sequences similar to
the Arabidopsis HMR gene can be traced back to two HMR-
like genes in Physcomitrella patens (GI:168063606 and GI:
168038429), suggesting that HMR is highly conserved in land
plants.
HMR Expression Is Temporally and Spatially Regulated
To examine whether the expression ofHMR is regulated, we first
compared the steady-state messenger RNA (mRNA) levels of
HMR in 3-day-old Col-0 seedlings grown under dark (D), R,
FR, blue (B), or white light (WL) by quantitative real-time PCR
(qRT-PCR). As shown in Figure 4B, the mRNA level of HMR
remains relatively unchanged (within 2-fold range) under dif-
ferent light conditions, suggesting that the expression of HMR
Figure 5. HMR IsRequired for Light-Dependent PHYA,
PIF1, and PIF3 Proteolysis and Partially Rescues the
Yeast rad23Drpn10D Mutant
(A) Western blot showing PHYA protein levels in 4-day-old R
light-grown Col-0, hmr-2, PBG, hmr-1, and phyB-9 seedlings.
(B) Western blots showing PIF1 and PIF3 protein levels in
4-day-old R light-grown Col-0, hmr-2, PBG, and hmr-1 seed-
lings. Tubulin was used as a loading control.
(C) A growth assay showing serial dilutions of rad23Drpn10D,
RAD23rpn10D, andHMRrpn10D grown in 30C either with Gal
(Galactose) in the upper panel or with Glc (Glucose). The
growth defect of rad23Drpn10D was partially rescued only in
the presence of Gal, which induces HMR expression in yeast.
(D) Western blot showing multiubiquitylated proteins detected
by anti-ubiquitin (anti-ubi) antibodies. The SDS-PAGE gel
(lower panel) was used as a loading control.
(E) UV survival assay using rad23D (rad23Drpn10D), RAD23
(RAD23rpn10D), andHMR (HMRrpn10D). Error bars represent
standard error from three independent replica.
See also Figure S3.is not regulated by light at the transcript level. To determine the
spatial expression pattern of HMR, we fused a 4 kb HMR
promoter region (HMRp) with a b-glucuronidase (GUS) reporter
gene and transformed it to Col-0 plants. The GUS staining
pattern is not changed under different light conditions, but,
surprisingly, it was regulated by developmental stage (Figures
4C–4E). In 2-day-old seedlings, HMR was expressed predomi-
nantly in cotyledons, at the top of the hypocotyl, and in the
root tip, regardless of light conditions. In contrast, in 4-day-old
seedlings, HMR was expressed only in unexpanded cotyledons
of dark-grown seedlings but not in fully expanded cotyledons of
seedlings grown in either R or FR light. These results suggest that
HMR is expressed right before tissue expansion. Lastly, we
examined the steady-state protein level of HMR. In contrast to
HMR mRNA level, HMR protein level was higher in the light
compared to that in the dark (Figure 4F), suggesting that HMR
might be regulated by light at the posttranslational level.
HMR Is Required for PHYA, PIF1, and PIF3 Degradation
In addition to the translocation of PHYs to PHY NBs, another
early light-mediated event is the degradation of PHYA and
PIFs (Al-Sady et al., 2006; Clough and Vierstra, 1997; Lorrain
et al., 2008; Shen et al., 2008). Because PHYA and PIF3 colocal-
ize to PHY NBs prior to their degradation (Al-Sady et al., 2006;
Bauer et al., 2004; Seo et al., 2004), we asked whether the prote-
olysis of PHYA and PIFs were affected in hmrmutants. We were
unable to measure PHYA and PIF degradation during the dark-
to-light transition, because we do not have homozygous hmr
seeds and dark-grown hmr mutants were indistinguishableCell 141,from the wild-type. Rather, we directly examined
whether PHYA and PIFs were depleted in light-
grown hmr seedlings. To our surprise, PHYA accu-
mulated in both hmr alleles in R light (Figure 5A),
suggesting that hmr is defective in PHYA degrada-
tion in the light. It is worth noting that despite an
increase in PHYA protein levels, hmr mutants
were defective in PHYA responses. This suggeststhat PHYA degradation is required for PHYA function, as
proposed by Maloof et al. (2001), rather than acting as a desen-
sitization mechanism for light signaling (Seo et al., 2004).
Because PIF1 and PIF3 are involved in both chloroplast differ-
entiation and hypocotyl growth during the dark-to-light transition
and are known to undergo rapid light-dependent degradation
(Al-Sady et al., 2006; Shen et al., 2008), we raised antibodies
specifically against PIF1 or PIF3 (Figure S3) and compared
PIF1 and PIF3 protein levels in hmr-1 and hmr-2 to their parental
types. As shown in Figure 5B, both PIF1 and PIF3 accumulate in
R light grown hmr-1 and hmr-2 seedlings, but not in PBG or
Col-0. These experiments demonstrate that HMR is required
for PIF1 and PIF3 degradation in the light and provide genetic
evidence supporting the involvement of PHY NBs in protein
degradation.
HMR Partially Complements the Yeast rad23Drpn10D
Mutant
The primary amino acid sequence of HMR does not provide any
clue for its biochemical function. However, the predicted
secondary structure of HMR is highly similar to the secondary
structure of a human protein hHR23A with a very significant E
value of 0.00884 by 3D-PSSM (Kelley et al., 2000). Human
hHR23A is an ortholog of the yeast RAD23 (Raasi et al., 2004).
RAD23 contains an ubiquitin-like domain (UbL), which interacts
with the proteasome, and ubiquitin-associated domains (UBAs),
which interact with multiubiquitin chains (Chen and Madura,
2002; Lambertson et al., 1999). RAD23 and RPN10, which is
a subunit of the proteasome and another multiubiquitin-binding1230–1240, June 25, 2010 ª2010 Elsevier Inc. 1235
protein, play synergistic roles in the recognition of ubiquitylated
proteins by the proteasome (Chen and Madura, 2002). The loss
of both RAD23 and RPN10 causes reduced growth and defects
in proteolysis (Lambertson et al., 1999). RAD23 is also required
for nucleotide excision repair, which does not overlap with
RPN10 (Lambertson et al., 1999). We tested whether HMR can
complement the rad23Drpn10D mutant in yeast. We expressed
HMR under the GAL1 promoter in the rad23Drpn10D double
mutant and used a rad23Drpn10D mutant strain expressing
RAD23 or GFP as a positive or a negative control. HMR partially
rescued both the growth defect and the DNA damage repair
defect of rad23Drpn10D (Figures 5C–5E). Of even greater
interest, expression of HMR reduced the global level of multiubi-
quitylated proteins in rad23Drpn10D (Figure 5D), suggesting that
HMR shares some biochemical properties with RAD23 and likely
functions in protein degradation.
HMR Localizes to Both the Nucleus and Chloroplasts
Our biochemical studies suggest that HEMERA functions in the
nucleus,which is in agreementwith its predicted nuclear localiza-
tion by PSORT (http://psort.ims.u-tokyo.ac.jp/form.html). How-
ever, a proteomics experiment identified HMR (At2g34640) as
a plastid-localized protein, pTAC12, which is associated with
plastid transcriptionally active chromosomesandwas suggested
to be involved in transcription in chloroplasts (Pfalz et al., 2006).
pTAC12’s subcellular localization has not been verified by other
criteria.
To solve this dilemma, we made HMR constructs with either
a C-terminal CFP fusion (HMR::CFP) or an N-terminal YFP fusion
(YFP::HMR) and expressed them under the CaMV 35S constitu-
tive promoter in the Col-0 background. Surprisingly, HMR::CFP
was localized exclusively in chloroplasts (Figure S4A); however,
YFP::HMR was localized to the nucleus and cytoplasm but not
chloroplasts (Figure S4B). To determine which localization was
required for HMR’s function, we transformed each of these
constructs into the hmr-2 background and looked for rescue of
the mutant. To our surprise, we did not obtain any rescued lines
after examiningmore than 40 transgenic lines for each construct.
It is possible that the YFP or CFP tag interferes with the function
of HMR. Alternatively, HMR is localized to both the nucleus
and chloroplasts, and both pools of HMR are essential for its
function.
To test the latter possibility, we fractionated nuclei and chloro-
plasts from 2-day-old wild-type seedlings grown under R light
and looked for HMR in these fractions by western blotting. As
shown in Figure 6A, HMR was present in both the nuclear and
chloroplast fractions, suggesting that HMR is dual localized to
both of these compartments. As the anti-HMR antibody can
recognize the HMR ortholog in Broccoli, we performed the same
fractionation experiments with Broccoli and observed similar
results (Figure 6A), suggesting that the dual nuclear/chloroplast
localization pattern of HMR is conserved in different plant
species.
We further explored HMR’s dual localization by immunofluo-
rescent labeling, which confirmed that HMR localizes to both
the nucleus and chloroplasts (Figures 6B–6E). Within the
nucleus, HMR is not evenly dispersed, but rather localizes to
subnuclear domains in the nucleolus and in the nucleoplasm1236 Cell 141, 1230–1240, June 25, 2010 ª2010 Elsevier Inc.(Figure 6D). HMR subnuclear domains are often at the periphery
of PHYB::GFP NBs, even though they are not completely over-
lapping (Figure 6D), suggesting a rather intimate relationship
between HMR domains and PHYB::GFP NBs.
DISCUSSION
The regulated movement of PHYs from the cytoplasm to PHY
NBs is one of the earliest effects of light in plants, and, as
such, it provides an excellent assay to unravel the initial events
in PHY signaling. Using a mutant screen, we identified HMR as
a regulator of PHYB’s location within the nucleus. Characteriza-
tion of hmrmutants, localization of HMR protein within cells, and
analysis of biochemical function indicate that HMR is a specific
and early PHY signal transduction component that is required
for light-dependent proteolysis of PHYA, PIF1, and PIF3. More-
over, expression ofArabidopsis HMR can partially rescue a yeast
rad23Drpn10Dmutant. These latter results implicate a direct role
for HMR in proteolysis. HMR’s localization to the periphery of
PHYB NBs further suggests that NBs are sites of protein degra-
dation in the nucleus. HMR also localizes to plastids. Pfalz et al.
showed that HMR/pTAC12 is associated with plastid transcrip-
tionally active chromosomes and may be involved in the tran-
scription of photosynthesis related genes in chloroplasts (Pfalz
et al., 2006), although its function is not known.
hmrDefinesaNewClassofPhotomorphogeneticMutant
Why have the HMR gene and its role in PHY signaling eluded
detection until now? Traditional screens for light-signaling
mutants have used hypocotyl length as a readout of photore-
ceptor action pathways. Unlike our screening strategy, which
allowed us to recover seedling-lethal mutants, most early
screens relied on the homozygous recessive mutant to be both
viable and fertile. Therefore, early signaling components en-
coded by essential genes were missed. It is interesting to note
that null alleles of the global repressors for light signaling, such
as det1, cop1, etc., are also seedling lethal (Reed and Chory,
1994; Wei and Deng, 1996).
In addition to arguments of lethality, hypocotyl length is an
endpoint response after prolonged exposure to a particular light
environment and may not be a sensitive reporter of early PHY
signaling effects (Figure S5). Recently, several studies have
demonstrated clear distinctions between mechanisms involved
in prolonged response to light versus those in early light-
signaling events that occur within a few hours after the dark-
to-light transition (Al-Sady et al., 2008; Khanna et al., 2006;
Leivar et al., 2008a). Based on this notion, it is not surprising
that genetic screens based only on an endpoint measurement
after a prolonged exposure to light may miss factors involved
in early light responses (Figure S5).
hmr mutants are albino and tall in R and FR, which distin-
guishes it from other known mutants. The chromophore of
PHYs is synthesized in chloroplasts, making it reasonable to
suspect that hmr’s pleiotropic phenotype is caused by chromo-
phore deficiency by impaired plastids. However, hmr-1 and
hmr-2 have normal hypocotyl responses in white light (Figures
S2BandS2C), andPHYBYH is still fluorescent in the hmr-1back-
ground (Figure 3G), arguing against this possibility. In addition,
Figure 6. HMR Is Localized to Both the Nucleus and Chloroplasts
(A) HMR protein is enriched in both the nuclear and chloroplast protein fractions. Protein extracts of whole plant (T), nuclear (N), or chloroplast (C) fractions from
either 2-day-old Col-0 seedlings or Broccoli flower buds were separated by SDS-PAGE, and HMR protein was detected by the anti-HMR antibody. Ferrodox-
in:Sulfite reductase (SiR) and RNA Pol II were used as controls for the chloroplast and nuclear fractions, respectively.
(B) Confocal images showing the subcellular localization of HMR in 2-day-old R light-grown PBG seedlings by immunofluorescent labeling. PHYB::GFP (green)
remains intact under the fixation condition. Both the nuclei (marked by white arrows) and plastid chromosome (marked by yellow arrows) were labeled by DAPI.
HMR (red), labeled by anti-HMR antibodies and Alexa 555-conjugated anti-Rabbit secondary antibodies, was detected both in the plastids and the nuclei.
(C) Confocal images showing SiR subcellular localization with immunofluorescent labeling.
(D) Confocal image showing subnuclear localization of HMR. HMR (red) localizes to foci within the nucleolus and the nucleoplasm. The HMR foci are often adja-
cent to or sometimes partially overlapping with the PHYB::GFP (green) NBs.
(E) Immunofluorescent labeling using preimmune serum (red) for anti-HMR antibodies.
See also Figure S4.the hmrmutation does not affect cryptochrome andPHYA-medi-
ated hypocotyl inhibition in blue light (Figure S2A). As such, HMR
appears to be a unique and very early-acting component of PHY
signaling.hmr thusdefines anewsubset of albinomutantswhose
unique characteristics were previously missed.
HMR Links Phytochrome NBs to Sites of Proteolysis
Perhaps the most compelling phenotype of hmr mutants is their
inability to degrade PHYA, PIF1, and PIF3 in the light. This obser-
vation links their light-regulated turnover to the function of PHY
NBs. Light-dependent PHYA degradation has been known for
35 years (Pratt et al., 1974); however, the mechanism and signif-
icance of PHYA degradation remain unclear. Although, COP1
was proposed to be an E3-ubiquitin ligase for PHYA degrada-
tion, PHYA degradation is not completely dependent on COP1,
as PHYA turnover is delayed, but still occurs, in cop1 mutants
(Clough and Vierstra, 1997; Seo et al., 2004). Progress to a better
understanding of PHYA degradation has been hindered mainly
because of the lack of mutants defective in this process (Clough
and Vierstra, 1997).
The intracellular site of PHYA degradation remains a mystery.
It was suggested that PHYA degradation occurs on cytoplasmicfoci, because PHYA localizes to cytoplasmic foci rapidly after R
light exposure (Mackenzie et al., 1975). Recently, it was reported
that PHYA degradation is normal when PHYA nuclear import is
blocked, supporting the notion that PHYAdegradation can occur
in the cytoplasm (Rosler et al., 2007). PHY NBs were also
proposed as sites for degradation, as PHYA, PIF3, and FHY1
localize to PHY NBs prior to their degradation (Chen, 2008). In
addition, PHYA colocalizes with COP1 on NBs (Bauer et al.,
2004; Seo et al., 2004). Here, we showed that a mutant with
defective PHY NBs is also defective in PHYA, PIF1, and PIF3
degradation, thereby providing genetic evidence that supports
a role of PHY NBs in protein turnover (Figure 7).
It is intriguing that HMR localizes to the periphery of PHYB
NBs. As HMR could act functionally like RAD23 linking multiubi-
quitylated substrates and the proteasome, this result suggests
that the proteolysis of PHYA, PIF1, and PIF3 could occur at
the periphery of PHY NBs. Consistent with this notion, PHYB
partially colocalized with CRY2 in tobacco NBs (Ma´s et al.,
2000), and NBs were suggested to be involved in the degrada-
tion of CRY2 (Yu et al., 2009). In mammalian cells, components
of the ubiquitin-proteasome pathway have been shown to
localize to subnuclear foci called clastosomes (Lafarga et al.,Cell 141, 1230–1240, June 25, 2010 ª2010 Elsevier Inc. 1237
Figure 7. Schematic Illustration of a Model for HMR Functions in the
Nucleus and Chloroplasts
In the nucleus, HMR is essential for PHYNB formation, which is required for the
proteolysis of PHYA, PIF1, and PIF3. By controlling PIF1 and PIF3 stability,
HMR could indirectly regulate the expression of PIF1/PIF3-controlled genes
encoding chloroplast proteins. In chloroplasts, HMR/pTAC12 directly regu-
lates the expression of photosynthetic genes as a transcriptionally active chro-
mosome protein. See also Figure S5.2002). PHYB NBs could be plant clastosomes. Alternatively,
PHY NBs could be sites of protein modifications. For example,
PIF phosphorylation may occur on PHY NBs (Castillon et al.,
2007) before PIF degradation occurs elsewhere. This latter
model is consistent with the observation that PIF7 is localized
to PHY NBs but is stable in the light (Leivar et al., 2008a). Future
experiments to examine the localization of the proteasome rela-
tive to the PHY NBs, as well as characterization of the precise
function of HMR in protein degradation, will further test these
models.Dual Localization of HMR
HMR’s dual nuclear and chloroplast localization is an unex-
pected and intriguing feature. Two other plant proteins have
been reported to localize to both the nuclear and plastid
compartments: MFP1, a DNA-binding protein (Jeong et al.,
2003; Meier et al., 1996), and WHY1, a nuclear DNA- and RNA-
binding protein involved in salicylic acid-mediated disease resis-
tance, telomere homeostasis, and chloroplast biogenesis
(Desveaux et al., 2004; Prikryl et al., 2008; Yoo et al., 2007). Inter-
estingly, WHY1, also known as pTAC1, was copurified with HMR
as a plastid transcriptionally active chromosome protein (Pfalz
et al., 2006). In animal systems, several proteins, including p531238 Cell 141, 1230–1240, June 25, 2010 ª2010 Elsevier Inc.and estrogen receptors, have been localized to both the nucleus
and mitochondria (Lee et al., 2008). The significance of HMR’s
dual localization, how partitioning to both compartments is
regulated, and how dual localization has evolved are important
questions for the future.
The basis for hmr’s albino phenotype is currently not known.
HMR may regulate chloroplast transcription directly (Pfalz
et al., 2006), in addition to its role in nuclear gene expression.
It is also possible that HMR regulates chloroplast biogenesis
indirectly through its control of PIF1 and PIF3 accumulation.
Because PIF1 and PIF3 are negative regulators of chloroplast
development (Bauer et al., 2004; Leivar et al., 2009; Shen
et al., 2008), it is conceivable that accumulation of PIF1 and
PIF3 proteins might explain the albino phenotype of hmrmutants
by interfering with chloroplast biogenesis (Figure 7).
In thinking of the incredible amount of stress that a seedling
experiences when it first encounters light, we prefer a model in
which HMR influences gene expression directly in both the
nucleus and chloroplasts (Figure 7). In this way, a plant could
mount a very rapid response to high-light stress and then adjust
to the ambient light environment as it acclimates. A similar model
has been proposed for the coordinated action of both nuclear
and mitochondrial-localized tumor suppressor gene product
p53 in the initiation of apoptosis in mammalian cells. In this
model, nuclear p53 regulates the transcription of proapoptotic
genes, such as BAX and PUMA, while mitochrondrial p53 is
directly involved in permeabilization of the outer mitochondrial
membrane allowing cytochrome c release (Moll et al., 2006).
HEMERA is another example of the possible shared history of
phytochrome signaling pathway components with proteins
involved in the surveillance pathway associated with global
nucleotide excision repair. DET1, a negative regulator of light-
regulated gene expression is found in complex with COP10,
DDB1, and DDB2, and is thought to play a role in chromatin
remodeling (Schroeder et al., 2002; Zhang et al., 2008). Like
RAD23, DDB proteins play an essential role in scanning the
genome for ultraviolet (UV)-induced DNA damage. Light causes
a global reorganization of gene expression with up to one-third
of the Arabidopsis genome showing changes in gene expres-
sion. Thus, these proteins may have been co-opted to regulate
transcription globally in response to light. Since Arabidopsis
has a canonical RAD23 gene, which has not been implicated in
light sensing (Farmer et al., 2010), HEMERA may be an example
of convergent evolution.EXPERIMENTAL PROCEDURES
Standard Protocols
The protocols used for protein extraction, western blot analysis, qRT-PCR,
GUS staining, cell fractionation, and immunofluorescent labeling are outlined
in the Extended Experimental Procedures.Plant Materials
The PHYB::GFP (PBG) (Ler) line was described in Yamaguchi et al. (1999). The
PHYBYH line was the 35S::PHYB(Y276H) line #10 in phyB-5 background (Su
and Lagarias, 2007). Wild-type Col-0, phyB-9 (Col-0), and the phyB-5 (Ler)
mutants were used as controls for physiological studies. The hmr-1 (PBG)
mutant line was isolated from a PHYB::GFP mislocalization screen and back-
crossed to PBG twice. The hmr-2 (Col-0) mutant line was Salk T-DNA insertion
line, Salk_025099. Plant growth conditions and hypocotyl measurements are
described in the Extended Experimental Procedures.
ENU Mutagenesis
Freshly collected PBG seeds (0.2 g) were hydrated in 45 ml ddH2O with
0.005% Tween-20 and left on a tube rotator for 4 hr. The seeds were washed
with ddH2O twice and then soaked in 1 mM ENU (N-ethyl-N-nitrosourea)
solution for 15 hr.
Positional Cloning
hmr-1 (Ler) was crossed to Col-0 to generate an F2 mapping population.
Detailed mapping procedures are described in the Extended Experimental
Procedures.
rad23Drpn10D Complementation
Growth andUV survival assayswere performed as described in Romero-Perez
et al. (2007). The detailed protocol is described in the Extended Experimental
Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures and
five figures and can be found with this article online at doi:10.1016/j.cell.
2010.05.007.
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